ABSTRACT. The combinatorial delivery of miRNAs holds great promise to modulate cell activity in the context of angiogenesis. Yet, the delivery of multiple miRNAs with spatiotemporal control remains elusive. Here, we report a plasmonic nanocarrier to control the release of two microRNAs. The nanocarrier consists of gold nanorods (AuNRs) modified with single stranded DNA (ssDNA) for hybridization with complementary DNA-conjugated microRNAs. DNA strands with distinct melting temperatures enable to independently release each microRNA with a near infrared (NIR) laser using the same wavelength but different 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2 powers. Tests in human outgrowth endothelial cells (OECs) indicate that this system can be used to silence different targets sequentially and, by doing so, to modulate cell activity with spatio-temporal resolution. Finally, using an in vivo acute wound healing animal model, it is demonstrated that the order by which each miRNA was released in transplanted OECs significantly impacted the wound healing kinetics.
powers. Tests in human outgrowth endothelial cells (OECs) indicate that this system can be used to silence different targets sequentially and, by doing so, to modulate cell activity with spatio-temporal resolution. Finally, using an in vivo acute wound healing animal model, it is demonstrated that the order by which each miRNA was released in transplanted OECs significantly impacted the wound healing kinetics.
Ischemic diseases are a leading cause of morbidity and mortality in the contemporary world. Several pre-clinical and clinical trials are exploring the therapeutic effect of cell-based therapies, including endothelial progenitor cells (EPCs), in ischemic diseases. [1] [2] [3] Outgrowth endothelial cells (OECs), a sub-population of EPCs, 4 are of particular interest for the treatment of ischemic diseases [5] [6] and for tissue engineering applications, 7 given their contribution to the vascularization of tissues and tissue constructs. It is well recognized that the poor survival and engraftment of transplanted cells hinders their clinical efficacy and thus, the development of strategies to modulate the activity of these cells (e.g. survival, proliferation) is paramount to enhance their therapeutic effect. In this setting, the transplantation of cells transfected with modulators that are externally activated at specific times during cell engraftment can be seen as a promising strategy.
MicroRNAs (miRNAs) are non-coding single-stranded RNAs that function as endogenous post-transcription regulators of gene expression and have the ability to affect several biological processes, including differentiation, cell proliferation and survival. 8 Previous studies have demonstrated that miRNAs are powerful modulators of angiogenesis, 9 that may act cooperatively to regulate angiogenic factors such as VEGF. 10 The hypothesis of this work is that the intracellular delivery of two miRNAs (miR-302a-3p and miR-155-5p, hereafter designed as miR-302a and miR-155, respectively) may regulate either cell proliferation or survival depending on their temporal delivery. It has been reported that miR302a is able to promote cell proliferation by the inhibition of cell cycle regulators expression, such as cyclin D1, which favors the transition in cell cycle from G1 to S phase. 11 On the other hand, miR-155 regulates endothelial cell survival in hypoxic conditions because increases the level of the pro-survival enzyme, heme-oxygenase. [12] [13] To control the intracellular delivery of miRNAs we have developed a nanocarrier that is triggerable by near infrared light (NIR).
Previous studies have demonstrated the use of these nanocarriers for the spatio-temporal delivery of single microRNAs 14 and siRNAs [15] [16] [17] [18] to modulate cell activity. In those studies, the RNA molecules were encapsulated in nanocarriers 14 or immobilized on the surface of the nanocarrier by electrostatic interactions 17, 19 or hybridization 16, 18 with complementary oligonucleotides. The release was induced by the photodisassembly of the NP, 14 thermal dehybridization of the RNA molecules, 16 thermal dissociation from a polycationic linker, 15 or the cleavage of the linker containing the RNA from the nanoparticle surface. 17 However, so far, no light-responsive formulation has shown the precise control over the release of more than one miRNA.
In this study, we developed a platform for the intracellular delivery of two miRNAs that combines high nanocarrier uptake, efficient endolysomal escape and rapid delivery of each miRNA by varying the power of a single pulse laser. The plasmonic gold nanocarrier (AuNRs) was modified with different single stranded DNA (ssDNA) that act as linkers to immobilize miRNAs on the gold surface through hybridization of complementary strands ( Figure 1 ). The chemistry and the density of the ssDNA linkers were optimized to have sequences with specific melting temperatures and distinct release profiles after activation by a unique NIR laser source. Upon excitation at 780 nm, a photothermal effect induces dehybridization of complementary strands. 19 To enhance the uptake of the nanocarriers and destabilize the endolysomal membranes during the intracellular uptake we have used a peptide with membrane-perturbing abilities, 20 cecropin mellitin (CM). This peptide has been shown to be non-cytotoxic for several types of cells (e.g. endothelial cells, fibroblasts, macrophages) in concentrations below 5 µM. [21] [22] Moreover, melittin peptide derivatives have been used successfully for the intracellular delivery of siRNA or plasmid DNA due to their membrane destabilizing properties. [23] [24] A reporter cell line (HEK-293T) responsive to miR-155 and miR-302a has been used to facilitate the monitoring of miRNA release induced by laser irradiation and thus to validate miRNA activity. The cells carry a vector that encodes for mCherry and EGFP. MCherry gene is conjugated with the target of miR-155 and EGFP gene is conjugated with the target of miR-302a. Consequently, transfection with miR-155 leads to exclusive knockdown of mCherry and miR-302a leads to exclusive knockdown of EGFP. 25 Finally, we demonstrated the biological activity of the sequential release of both miRNAs in OECs derived from human cord blood CD34 + cells. We further demonstrated that, depending on the sequence of delivery of each miRNA in OECs transplanted in an in vivo wound healing model, it was possible to increase the therapeutic potential of these cells ultimately improving the wound healing rate.
RESULTS AND DISCUSSION

Synthesis of AuNRs and conjugation with miRNAS. AuNRs synthesized according
to the seed mediated method, 26 and then stabilized with mercaptohexanoic acid (MHA), were coated with ssDNA containing a thiol terminal group at the 5′ end to facilitate the covalent attachment to the AuNR surface ( Figure 1 ). The AuNRs used in this work had an average length of 47 ± 0.4 nm and width of 14± 0.2 nm and showed a plasmon resonance band at 780 nm regardless of the presence of the miRNA (Figures 2a and 2c ). The two ssDNA tested in this work had a poly-thymine spacer (12 or 15 thymines) followed by an oligonucleotide sequence of 15 or 13 bases, respectively (Table S1 ). The poly-thymine spacer was used to keep the oligonucleotide hybridization sequence distant from the AuNR surface. 27 The number of ssDNA per AuNR was on average 480 ± 20, with a coupling efficiency of ssDNA to AuNR of nearly 60%. To immobilize microRNAs on AuNRs, miR-155 and miR-302a modified with a terminal amine group were reacted with the succinimidyl ester of sulfo-GMBS and then with ssDNA containing a terminal thiol group (Figure 1a) . conjugates. miR-155 or miR302a were initially reacted with a heterofunctional linker (Sulfo-GMBS) by its terminal succinimide ester. The miR conjugate was then reacted with a ssDNA modified with a terminal thiol group (HS-ssDNA). After reaction, the miR-ssDNA conjugate (miR155-ssDNA 51.7 or miR302a-ssDNA 68.9 ) was purified by HPLC. (b) Preparation of AuNR-ssDNA. AuNRs were reacted with HS-ssDNA complementary to the strands of miR155-ssDNA or miR302a-ssDNA conjugates. ssDNA-miR conjugates were then bound to the ssDNA-AuNR by hybridization. The surface of AuNR was then filled with 2 KDa thiol-PEG. Upon NIR irradiation, there is an increase in the temperature at the AuNR leading to the DNA de-hybridization and the release of miRs with different kinetics. The release kinetic 6 depends on the heat generated (which depends on the power of NIR laser used) and the melting temperature of the oligonucleotides.
To prevent miRNA loss of activity due to conjugation with a ssDNA, each miRNA was conjugated with ssDNA through the sense strand, guaranteeing the structural integrity of the antisense strand, in particular the 5' terminus, which is important for initiating the RNA interference mechanism. 28 The conjugation efficiency, i.e., the percentage of miRNA conjugated with thiolated ssDNA, was 39% for miR-155 and 22% for miR-302a ( Figure S1 ).
The activity of each miRNA was monitored before and after conjugation with ssDNA, using lipofectamine RNAimax as transfection agent in a reporter cell line responsive to both miRNAs. In the concentration range tested (0.05 to 5 nM), the fluorescence of the reporter cell line decreases according to the concentration of miRNA used ( Figure S2 ). Both miRNAs are active after conjugation with ssDNA, although miR-302a-ssDNA conjugate is slightly less active than miR-302a at the lowest concentrations tested (0.05-0.5 nM) ( Figure S2 ).
To hybridize ssDNA-miR conjugates to ssDNA-AuNRs, the conjugates were incubated in large excess with ssDNA-AuNRs (400 or 800-molar fold ratio) at 37ºC leading to the immobilization of 202 (400-molar fold ratio) and 390 (800-molar fold ratio) ssDNAmiR-155 conjugates per AuNR or 226 and 404 ssDNA-miR-302a per AuNR (Figure 2d ).
Therefore, the hybridization efficiency of ssDNA-miR conjugates to ssDNA-AuNRs was between 48.8 and 56.5%. For subsequent experiments, we have used AuNRs with ca. 400
ssDNA-miR conjugates because this number was large enough to elicit a biological response (see below). Our results show that hybridization of the ssDNA-miRNA conjugate does not cause significant changes in the absorbance spectrum of the AuNRs (Figure 2c ). In addition, the size of the nanocarrier was not substantially different from the non-conjugated one Number of miR-155-ssDNA 51.7 and miR302a-ssDNA 68.9 conjugates hybridized on AuNRs modified with an average of 475 strands per AuNR. The number of miR-ssDNAs hybridized on AuNRs was determined indirectly in the supernatant using SyBr Gold fluorescent dye.
Results are Average ± SEM (n=3).
Light-triggered release of miRNAs from AuNRs. To study the release profiles of miRNAs, we have used AuNRs hybridized with: (i) miR-155 conjugated with ssDNA with a melting temperature of 51.7 ºC (miR-155-ssDNA 51.7 ) and (ii) miR-302a conjugated with ssDNA with a melting temperature of 68.9 ºC (miR-302a-ssDNA 68.9 ) (Figure 1 ). Each suspension of miR-dsDNA-AuNR was irradiated for 2 or 5 min and immediately centrifuged.
Our results show that miR-155 was released at 1.25 Wcm -2 while miR-302a was largely released at 2 Wcm -2 (Figures 3a and 3b) . The supernatants of each formulation were then complexed for 20 min with lipofectamine RNAimax and added to HEK-293T cells for 4 h (Figure 3a ). Uptake and endosomal escape of AuNRs. miRNA interference mechanism requires the delivery of miRNA in the cell cytoplasm. 8 To enhance cell uptake and endosomal escape of miR155-dsDNA 51.7 -AuNRs we have used CM, a cell penetrating peptide. CM is a cationic amphiphilic peptide with membrane-perturbing capacity, 29 leading to endosomal escape of membrane-impermeable molecules. 30 The effect of CM in the uptake and intracellular localization of miR155-dsDNA 51.7 -AuNRs labelled with TRITC was studied using confocal microscopy and transmission electron microscopy (TEM) (Figure 4 ). Cells were incubated with miR155-dsDNA 51.7 -AuNR-TRITC (50 µg/mL) for 4 h in DMEM (without FBS), washed and finally characterized by confocal microscopy and inductive coupled plasma mass spectrometry (ICP-MS). Our results showed that increased concentrations of CM led to increased intracellular levels of miR155-dsDNA 51.7 -AuNR-TRITC as measured by confocal microscopy ( Figure 4b ) and ICP-MS analyses (Figure 4d ). Because the uptake of the AuNR formulation begins with an initial adhesion to the cell membrane, followed by the activation of an energy-dependent uptake mechanism, we evaluated whether CM interacted with miR155-dsDNA 51.7 -AuNR before cell interaction ( Figure S3 ). Indeed, the CM interacted with 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 results from the analysis of 30 images/condition. In b, c, d and g, results are expressed as Average ± SEM (n=3). *,** and *** denote statistical significance (p<0.05, p< 0.01 and p<0.001) assessed by one-way ANOVA followed by Tukey's post-hoc test.
To evaluate the cytotoxicity of miR-dsDNA-AuNR co-incubated with CM and NIR laser radiation (up to 2 Wcm -2 ), reporter cells were exposed for 4 h to the nanocarrier (miR155-dsDNA 51.7 -AuNR was used as a model), washed, activated or not with a NIR laser for 2 min and finally incubated for 24 h upon which cell viability was assessed. Our results showed no statistically significant differences between the conditions tested indicating that the treatment was well tolerated by the HEK-293T cells ( Figure S4a ). The toxicity of AuNRs and CM was also evaluated in OECs ( Figure S4b ). Here, CM was cytotoxic in OECs at concentration 10 µM. These results are in line with previous results collected by us indicating that CM has a higher cytotoxicity against ECs than other cell types. 33 Therefore, for nanocarrier. This methodology has been used successfully by us to decrease the toxicity of CM in human cells. [33] [34] Another finding of our study is that the irradiation (laser power up to 2Wcm -2 ) of AuNRs within cells has no significant biological impact. It is known that the irradiation of AuNRs with CW lasers leads to a local increase of temperature at the AuNR surface, which decreases with the distance as 1/r, where r is defined as the distance from the center of the AuNR. 35 This means that the temperature of the bulk is significantly lower than the temperature in the vicinity of the AuNR. Thus, it is possible to achieve in the vicinity of the AuNR, temperatures that are close to the melting temperatures of the DNA strands immobilized on the AuNR surface, without inducing deleterious effects to cells. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Results are expressed as average ± SEM (n=3, with 6 microscope fields per sample). *** denotes statistical significance (p<0.001) assessed by one-way ANOVA followed by Tukey 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The impact of each miRNA on gene expression was also evaluated ( Figure S9 ). As expected, OEC transfection with miR-155 led to up-regulation of heme-oxygenase (HMOX1) gene transcripts, 12 which in turn led to a higher cell survival in hypoxic conditions, as demonstrated previously. 13 In addition, OECs transfection with miR-302a led to an increase in the number of Cyclin D (CCND1) gene transcripts, which is required for cell cycle progression, particularly for the transition G1 to S phase. 11, 36 Moreover, transfection of OECs with miR-302a caused an increase in MCM4 gene transcripts, which encodes the mini chromosome maintenance complex component 4, a DNA helicase that is essential for the initiation of DNA replication and has been reported as a marker for cell proliferation. 37 These results are in agreement with the functional impact of each miRNA in terms of survival and proliferation of OECs.
Light-triggered release of miRNAs from
Overall, our results demonstrated the possibility to modulate the activity (i.e. survival and proliferation) of endothelial cells after transfection with miRNAs-conjugated AuNRs.
The cell activity was observed after the light-triggered release of each miRNA. Our results further show that the sequential delivery of miRNAs had a higher pro-survival effect than the simultaneous delivery of both miRNAs. This might be explained by the synergistic effect between pro-survival genes that are activated initially by miR-155 with pro-proliferation genes that are activated by the miR-302a. Further studies are necessary to identify the genes that are involved in the synergetic effects. Importantly, cells treated by the sequential delivery of miR-155 and miR-302a had a 1.6-fold increase in cell survival (this corresponds to ~ 31% of cell survival) as compared to non-treated cells. It is possible that other schemes of delivery, either by changing the order of miRNA release (i.e., miR-302a followed by the release of miR-155) or the time between each stimulus might improve even more the survival of the cells. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 qRT-PCR (Figure 7f ). In this case, human DNA in mouse skin samples was determined using a primer sequence specific for human cells (see Supporting Information, Table S2 Overall, our results indicate that the temporal control in the delivery of more than one miRNA is important for their biological effect. Depending in the signalling pathways activated by each miRNA, the second miRNA might have or not a synergetic effect. To the best of our knowledge, there are only two studies reporting the use of light-triggerable formulations for the delivery of miRNAs in vivo. In one of the studies, the miRNA was modified with a photolabile caging group sensitive to UV-light, 41 which has a very limited penetration depth in biological tissues and can induce cytotoxicity. 42 The other study reports a formulation sensitive to NIR light for the delivery of one miRNA. 14 The present work is the first report on light-controlled sequential release of more than one miRNA using the same light source. The current approach may be useful in applications other than topical (skin, eyes, etc…) disorders. Organs such as the gut, brain as well as the urinary system may be accessible using fiber-optic devices that are already used in clinical practice for photodynamic therapy. 43 Near infrared light has a penetration depth in the order of millimetres to centimetres. 44 Furthermore, the current delivery platform may be also applied in the treatment of diseases such as cancer in which combinatorial miRNA therapies have been shown to be beneficial. [45] [46] [47] OECs were incubated for 4 h with a mixture of miR-dsDNA-AuNRs. After incubation, cells were trypsinized and transplanted subcutaneously in dorsal wounds created in nude mice.
After transplantation, the site of injection was irradiated for 2 min at 1.25 Wcm 
CONCLUSIONS
In conclusion, we have developed light-responsive NPs, that when combined with an endosomal escape agent, can deliver more than one miRNA. The system works as an optical switch of biological circuits involved in cell proliferation and survival with spatial and temporal control. Although the use of ssDNA has been reported for the immobilization of siRNAs on plasmonic nanocarriers, the ssDNA did not confer a specific release profile to the biomolecule, since the release was obtained through the cleavage of thiol-gold bonds. 18 Even if the differential release of siRNAs is possible by cell transfection with multiple carriers, the delivery of those biomolecules would require the use of multiple lasers and more importantly, it will be difficult to control the stoichiometry between non-coding RNAs. 48 In the present work, the differential release was modulated by varying the linkers that attach the miRNA to the gold surface and not by changing the size of the nanocarrier, allowing the use of a single wavelength. Our results show that the order in the sequential release of two miRNAs has significant impact in the modulation of endothelial cell activity. AuNR synthesis. AuNRs were prepared following the seed mediated method. 26 The seed solution was prepared by the addition of ice-cold sodium borohydride (NaBH 4 , 10 mM, 0.3 mL) to a solution of hexadecyltrimethylammonium bromide (CTAB) (0.1 M, 5 mL) containing gold(III) chloride hydrate (0.25 mM). The solution was stirred for 2 min and then kept at 25ºC for 8 min.
ASSOCIATED CONTENT
The growth solution was prepared by the sequential addition of silver nitrate (AgNO 3 , 5 mM, 3.2 mL), HAuCl 4 (50 mM, 2 mL) and ascorbic acid (0.1 M; 1.5 mL) to a CTAB solution (0.1 M, 200 mL), mixing gently after each step. Finally, the seed solution was added to the growth solution.
The growth solution was kept at 28ºC for 2 h and then centrifuged at 9000 g to purify the AuNRs. To facilitate conjugation with ssDNAs, the surfactant on the surface of AuNRs was replaced by mercaptohexanoic acid (MHA), using a method already reported with slight modifications. 49 First, hexanethiol (1.5 mL) was added to the AuNR-CTAB suspension (2.5 nM, 1 mL). The AuNRs were transferred to the organic phase by adding acetone (3 mL) followed by gentle shacking. Then the organic phase was transferred to a new tube to which toluene (2 mL) and methanol (5 mL) were added. The solution was centrifuged at 5000 g for 10 min, and the pellet was resuspended in toluene (0.5 mL) by brief sonication. The organic to aqueous phase was performed as follows.
AuNR-hexanethiol (1 mL) in toluene was added to mercaptohexanoic acid (MHA, 5 mM) in toluene (9 mL) at 95 ºC. The reaction proceeded under reflux with magnetic stirring for 15 min.
Modification with MHA caused the formation of AuNR aggregates. After cooling to room temperature, the aggregates were washed twice with toluene by decantation and then with isopropanol to deprotonate the carboxylic groups. Then, AuNR aggregates were resuspended in 1×
TBE. The ligand exchange was confirmed by zeta potential measurements.
Functionalization of AuNR-MHA with single strand DNA (ssDNA). ssDNAs (sequences are in Table S1 ) carrying a thiol C6 modification were reduced with 100-fold molar excess 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 polyacrylamide gel (12%, w/v) and run for 45 min in 0.5 × TBE at 140 V. The gel was stained with SyBr Gold (1:5000 in 1 × TBE) for 10 min and imaged in a UV transilluminator (Molecular Imager Gel DOC, Biorad). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Backfill with thiol-PEG. After conjugation with miR-ssDNA conjugates, the surface of AuNRs was backfilled with thiolated PEG (2 kDa). Briefly, a suspension of AuNR-DNAmiR (500 µL, 0.5 nM) was incubated with thiol-PEG at 25 µM corresponding to a ratio of 1:50000 between AuNR and thiol-PEG. The reaction proceeded for 5 h at room temperature under orbital agitation. Then, the suspension was centrifuged (9000 g, 30 min) and resuspended in 10 mM phosphate pH 7.4 with 30 mM NaCl. The suspension was stored at 4º C.
Labelling
Cell culture. HEK-293T transfected with a reporter vector were kindly offered by Dr.
Ricardo Neves. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 OECs). In some conditions, after incubation with AuNRs, cells were washed and irradiated with a 780 nm laser at 1.25 Wcm -2 for 2 min. After 2 h in the incubator at 37 ºC, a subset of samples received a second laser stimulus for 2 min at 2 Wcm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 and lysed with RLT buffer (Qiagen). Subsequently, miRNAs were isolated using miRCURY RNA isolation kit (Exiqon), followed by cDNA preparation from 10 ng total RNA using miRCURY LNA™ Universal RT microRNA (Exiqon). Quantitative PCR (qPCR) was performed using NZYSpeedy qPCR Green, (NZYtech) and the detection was carried out in a 7500 Fast Real-Time PCR System (Applied Biosystems). A calibration curve was done using known concentrations of each miRNA. U6 was used as an endogenous standard. Hsa-miR LNA™ PCR primer sets (Exiqon) specific for each miR-155-5p and miR-302a-3p were used for the quantification.
Gene analysis. OECs were transfected with miR-155 and miR-302a, as previously described.
After 48 h transfection, cells were lysed with RLT buffer and total RNA was isolated using RNeasy Micro Kit (Qiagen). DELTAgene assays (FlexSix -Fluidigm) were designed. The pre-amplification process was performed for 14 cycles. The oligos were synthesized by Sigma (Table S2) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 exonuclease I was performed to remove non-hybridized primers. The Fluidigm® FLEXsix™
Gene expression IFC was used with EvaGreen chemistry. After a prime of the chip, a 10x assay mix and sample mix were pipetted into the inlets. The chip was loaded and data was collected using the BioMark HD™. Data was analyzed using Fluidigm® Real Time PCR Analysis v2.1 software.
In vivo experiments
Preparation of cells for transplantation. OECs were seeded in gelatin coated T75 flasks 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 disinfected and two 6 mm-diameter dorsal full-thickness excisional wounds were created with a sterile biopsy punch in each animal. Then, cells (3.5 × 10 5 cells in 50 µL of PBS) were injected subcutaneously in a single spot between 5 to 10 mm from the wound. After transplantation, the injection spot was irradiated for 2 min at 1.25 Wcm -2
. Twenty four hours after the first injection, the animals were irradiated again for 2 min at 2 Wcm -2 . The animals were maintained in individual cages with food and water ad libitum and in a temperature and humidity-controlled environment. The rate of wound closure was determined over ten days.
At the end of the study, animals were sacrificed by cervical dislocation.
Tissue processing. At day 5 or day 15 post-wounding, mice were sacrificed and skin from wound area and injection site were excised and fixed in 10% neutral buffered formalin or stored at -80º C. The fixed samples were processed for paraffin embedding.
Quantification of human DNA in mouse skin samples by RT-PCR. Skin samples from the injection site (approximately 50 mg) were homogenized with steel beads in 1 mL of TRIZOL using a TissueLyser (Qiagen, Netherlands) operated at 30 Hz in two cycles of 2 min. DNA was extracted following the manufacturer's instructions and the final concentration was determined in Nanodrop. A pre-amplification was performed using 100 ng of DNA and PreAmp Master mix (Fluidigm) (15 cycles: 95 ºC-15sec, 67 ºC-4 min). Quantitative PCR (qPCR) was performed using NZYSpeedy qPCR Green, (NZYtech) and the detection was carried out in a 7500 Fast Real-Time PCR System (Applied Biosystems). The primers used for specific amplification of human DNA are presented in Table S2 . A calibration curve was generated using serial dilutions of human DNA isolated from OECs into mouse DNA. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Immunohistochemistry. Mouse skin sections (3 µm thickness) were deparaffinized and rehydrated, after which antigen retrieval was performed at 97ºC for 20 min in citrate buffer pH 6.0. Next, the sections were blocked for 1 h in 5% BSA and for 30 min at room temperature with primary antibody anti-human CD31 (1:30, clone JC70A, DAKO). Then, the sections were incubated overnight at 4ºC with primary antibodies mouse anti-human CD31
(1:30, clone JC70A, DAKO) and rabbit anti-mouse/human CD31 (1:50, Abcam 28364).
Finally, the samples were stained with secondary antibody Alexa Fluor 488 goat anti-mouse
(1:800, Invitrogen) for 1 h at room temperature, followed by 1 h incubation with secondary antibody Cy3 goat anti-rabbit (1:800, Jackson Laboratory) and then stained with DAPI.
Images were acquired on a Zeiss LSM 710 confocal microscope (Carl Zeiss, Jena, Germany) using a 40× objective/ 1.4 numerical aperture oil Plan Apochromat immersion lens.
Histological analysis. Samples embedded in paraffin were sectioned at 4 µm, and stained with hematoxylin and eosin. Histological analysis was performed by a pathologist.
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